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P rimary open-angle glaucoma (POAG) is a heterogeneous eye disease that is associated with irreversible damage to the optic nerve, resulting in vision loss and blindness. The most common risk factor for POAG is ocular hypertension. Approximately 30% to 40% of the population develop ocular hypertension when treated with corticosteroids for 4 to 6 weeks, [1] [2] [3] [4] [5] and while most return to baseline when treatment stops, 1% to 3% do not, and these patients go on to develop corticosteroid-induced glaucoma. [6] [7] [8] Additionally, approximately 90% of POAG patients develop ocular hypertension in response to corticosteroids. 3, [8] [9] [10] The etiology of both corticosteroid-induced glaucoma and POAG is believed to result from a restriction of movement of aqueous humor through the trabecular meshwork (TM) of the eye. Phenotypic changes thought to be related to the restriction in fluid movement in POAG and/or corticosteroid-induced glaucoma include the formation of cross-linked actin networks (CLANs), 11 abnormal development of the extracellular matrix (ECM), 12 and a decrease in phagocytosis. 13 Recent studies have implicated integrins as having a role in the formation of these glaucomatous phenotypes. 14 Integrins are a superfamily of glycosylated transmembrane adhesion proteins composed of an a-and a b-subunit. Their extracellular domains bind a number of ECM proteins while their cytoplasmic tails bind a variety of adaptor proteins, tyrosine kinases, and actin-binding proteins 15, 16 that can regulate the cytoskeletal events important for the maintenance of tissue homeostasis (ECM formation, contractility, and phagocytosis). Dysregulation of integrin signaling can disrupt this and contribute to a diseased state. One particular integrin, avb3 integrin, has been implicated in the pathogenesis of several diseases including cancer, diabetes, osteoporosis, and rheumatoid arthritis. [17] [18] [19] [20] [21] [22] [23] Recent studies suggest that avb3 integrin is also the integrin responsible for the generation of several of the phenotypic changes associated with glaucoma. [24] [25] [26] [27] In particular, activation of avb3 integrin in TM cells causes the formation of CLANs that are believed to alter the contractile properties of TM cells. 25, 26, 28, 29 Activation of avb3 integrin also impairs phagocytosis in TM cells, which decreases the ability of TM cells to clear debris and degraded ECM proteins that can obstruct the aqueous humor outflow pathway across the TM. 27, 30 Not surprisingly, avb3 integrin expression and activity are implicated as playing a role in corticosteroid-induced glaucoma since it is upregulated and activated by DEX. 24, 27 Finally, activation of avb3 integrin leads to the upregulation of Hic-5, a transcription factor involved in the TGFb2-induced fibrogenic activity of TM cells. 31 While studies have shown how activation of avb3 integrin affects the normal activities of TM cells in culture, no studies have looked at its effect in vivo. Here we studied how expression and activation of avb3 integrin affect outflow Copyright 2019 The Authors iovs.arvojournals.org j ISSN: 1552-5783 facility and IOP in porcine organ culture anterior segments (POCAS) and mice. Our studies show that activation of avb3 integrin leads to a decrease in outflow facility in POCAS and an increase in IOP in C57BL/6J mice while a knockdown of avb3 integrin expression in mice causes a decrease in IOP. These are the first studies to show that an integrin known to contribute to the phenotypic changes associated with glaucoma also plays a role in regulating IOP.
METHODS

Animal Studies
All animal studies were carried out in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research and were approved by the Institutional Animal Care and Use Committee of the University of WisconsinMadison School of Medicine and Public Health (protocol no. M005242). The mice were housed and bred in the University of Wisconsin animal facilities with a 12-hour light/12-hour dark cycle with food and water freely available. For the antibody studies, male C57BL/6J mice were obtained from Jackson Labs (Bar Harbor, ME, USA). For the tamoxifen experiments, the original breeding pair of b3 integrin flox/flox mice (b3 flox/flox ) on a C57BL/6J background was kindly provided by Katherine Weilbaecher (Washington University School of Medicine, St. Louis, MO, USA). These mice were previously confirmed to be homozygous for the b3 integrin flox/flox allele, and it was shown that the b3 integrin gene (Itgb3) was fully functional. 32 These mice have since been deposited with Jackson Labs (C57BL/6-Itgb3 tm1.1Wlbrc /J; stock no. 028232). The tamoxifen-inducible CAGGCre-ER TM mice (B6.Cg-Tg(CAG-cre/Esr1*)5Amc/J stock no. 004682) 33 were obtained from Jackson Labs. These heterozygous mice were maintained by breeding them with C57BL/6J mice (Jackson Labs). To produce Cre þ/À b3 flox/flox mice, mice heterozygous for CAGGCre-ER TM (Cre þ/À ) were crossed with homozygous b3 flox/flox mice. Their littermates expressing Cre À/À b3 flox/flox were used as controls. Both male and female mice were used in all experiments. Genotyping from ear punches was performed using PCR primers and thermal cycle profiles as recommended by Jackson Labs. All experiments were conducted after 6 weeks of age to allow the TM to fully develop. 34 
IOP Measurements
Mice (7-10 weeks of age) were anesthetized intraperitoneally with a ketamine/xylazine mix (90 mg/10 mg/kg). IOP was measured within the same 2-hour time frame (9-11 AM) 3 to 5 minutes after anesthesia administration using a rodent Icare Tonolab. 35, 36 Previous studies have shown that IOP is stable during this time. [37] [38] [39] Three IOP measurements from each eye were averaged together at each time point.
Tamoxifen Treatment
After a baseline IOP was measured, the Cre recombinase in the Cre þ/À b3 flox/flox mice and their littermates was activated by treating them topically with 10 lL tamoxifen (Sigma-Aldrich Corp., St. Louis, MO, USA) diluted in corn oil (Sigma-Aldrich Corp.) to 5 mg/mL as previously described. 40 The drops were given to both eyes three times a day (4 hours apart) for 5 days. Starting 2 days after the last day of tamoxifen drops, IOP was measured weekly for 11 weeks. Mice were euthanized and eyes were enucleated and processed in one of two ways. Some eyes were bisected just posterior to the limbus, and the anterior segments were lysed for Western blotting. For other eyes, a hole was poked in the sclera with a 30-gauge needle and eyes were fixed in 4% paraformaldehyde for 45 minutes at room temperature, then transferred to phosphate-buffered saline (PBS) and embedded in paraffin for immunohistochemistry (see below).
Genomic DNA Isolation and Real-Time PCR
Paraffin blocks containing tamoxifen-treated and untreated mouse anterior segments were trimmed along the parameter of the tissue using a straight-edge razor blade to minimize the amount of paraffin in the extractions. Sixteen 5-lm sections from each eye were placed in sterile, nuclease-free tubes. Genomic DNA (gDNA) was isolated using the Maxwell 42 (Kerafast, Inc., catalog no. EBW106) at 3.33 lg/mL. An IgG 1 control antibody (ab81032; Abcam, Cambridge, MA, USA) in PBS or PBS alone was used as control. Mice were placed under a stereoscope and the needle was inserted into the cornea using the micrometer, taking care not to compromise the iris or lens. The pump was then turned on and 3 lL antibody was infused at 2.5 lL/min to deliver 10 ng antibody. The pump was then stopped and the needle remained in place for another minute before being quickly removed. Topical erythromycin ophthalmic ointment (0.5%; Bausch and Lomb) was then placed on the eye, and mice were allowed to wake up on a heating pad. abattoir was unable to provide paired eyes. Anterior segments lacking the ciliary body, iris, and lens were isolated, then mounted on organ culture dishes and attached with tissue adhesive 4 to 6 hours post mortem as previously published. 43, 44 Briefly, one port of the culture dish was connected by tubing to a pressure transducer to monitor IOP and the other port was connected to an infusion pump. The tissue was then clamped down with an O-ring lined with silicone. The anterior segments were maintained in an incubator at 378C in 5% CO 2 and Dulbecco's modified Eagle's medium supplemented with 100 U penicillin, and 0.1 mg/mL streptomycin (SigmaAldrich Corp.) was infused at 4.5 lL/min using an infusion pump (Harvard Apparatus). Pressure was monitored using pressure transducers (APT300; Harvard Apparatus) attached to amplifiers (TAM-D; Harvard Apparatus) and was recorded every 5 minutes using the PowerLab (ADInstruments, Colorado Springs, CO, USA) and LabChart7 acquisition software.
POCAS were allowed to equilibrate for 48 hours to minimize the washout effect and to stabilize the IOP, 43, 45 during which time baseline pressure was recorded. The unpaired eyes were then randomly assigned to a treatment group. The media in one group of eyes were exchanged with 5 mL AP5 antibody at 25 lg/mL (The Blood Center of Wisconsin), which is known to activate b3 integrin. 41 The other group of eyes received 25 lg/mL of an isotype-matched IgG 1 control antibody (Abcam ab18447). The antibody concentration used was based on cell culture studies in our lab. 46, 47 For the exchange, the pumps were stopped to reload the syringe with antibody and the pressure port tubing was disconnected from the pressure transducer to allow media to enter the chamber through the in port and out to a reservoir. 48 Media exchange occurred at 200 lL/min for 25 minutes, after which the tubing was reattached to the pressure transducers and perfusion with the corresponding antibody then continued at 4.5 lL/min for up to 21 hours post exchange. At the end of the experiment, eyes were removed from the organ culture plates, washed with PBS, and then fixed overnight in 4% paraformaldehyde at 48C for post perfusion analysis (see below).
Immunohistochemistry
For the immunohistochemistry studies, the entire fixed mouse anterior segment was embedded in paraffin. In contrast, fixed POCAS segments were cut into six pieces and embedded in paraffin. The human anterior segments used in these studies were obtained from three different female donors aged 36, 46, and 93 years. None of the donors had any history of ocular disease (Wisconsin Lions Eye Bank, Madison, WI, USA). The human anterior segments were fixed and embedded in paraffin as previously described. 49 For the mouse and POCAS eyes, sagittal sections 5 lm thick were cut and stained with hematoxylin 33342 and eosin to assess the morphology of the TM and whether there was any cell loss. Images were obtained using a brightfield microscope (Olympus Corp., Center Valley, PA, USA). For immunohistochemistry studies, human, mouse, and porcine sections were deparaffinized in xylenes and rehydrated through a graded series of ethanol solutions. Antigen retrieval was performed using 1 mM EDTA, pH 8.0, at 958C for 20 minutes and sections were then blocked overnight with 1% bovine serum albumin (BSA) in PBS at 48C as we previously described. 49 The avb3 integrin in the human and POCAS sections was detected using the clone (BV3) mouse monoclonal antibody (Abcam ab7166) diluted 1:1000 for 2 hours at room temperature followed by Alexa 546-conjugated goat anti-mouse IgG (1:500; Thermo Fisher Scientific). Control antibodies used were anti-b-galactosidase (Sigma-Aldrich Corp. G8021) for human anterior segments and secondary antibody alone for POCAS. Sections were labeled with Hoescht 33342 to detect nuclei prior to mounting in Immu-Mount (Thermo Fisher Scientific). Levels of avb3 integrin in sections of mouse anterior segments were detected using a rabbit polyclonal antibody (Abcam ab197662). Rabbit IgG was used as a control. Images were acquired with an epifluorescence microscope (Zeiss International, Thornwood, NY, USA) using deconvolution and orthogonal processing software (Zeiss International).
Western Blotting
Dissected mouse anterior segments were immediately placed in 200 lL ice-cold lysis buffer (25 mM HEPES, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1 mM NaF, 1% NP-40, 0.25% DOC, and Halt protease and phosphatase inhibitor cocktails [Thermo Fisher Scientific]). Tissue was then sonicated (Branson Sonifier SLPe, St. Louis, MO, USA) five times for 1 second using 30% amplitude. The insoluble material was removed by centrifugation at 18,000g for 10 minutes at 48C. A BCA assay (Thermo Fisher Scientific Pierce Micro BCA Protein Assay Kit) was used to determine protein concentration in the resulting supernatant. Proteins in the lysate (10 lg) were separated on a 4% to 20% SDS-PAGE (Bio-Rad, Hercules, CA, USA) and transferred to Immobilon-FL (MilliporeSigma, Burlington, MO, USA). The membrane was blocked with 3% BSA in Tris-buffered saline with 0.5% Tween-20 (TBST) for at least 1 hour at room temperature. Membranes were then incubated overnight at 48C with primary antibody diluted in 1% BSA in TBST. After washing, membranes were incubated for 1 hour at room temperature with IR Dye 800-conjugated goat anti-mouse or anti-rabbit secondary antibody (Li-Cor Biosciences, Lincoln, NE, USA) diluted 1:15,000 in 1% BSA in TBST with 0.01% SDS. Membranes were washed and then digitally scanned (Odyssey CLx imager, Li-Cor). Antibodies used included mouse anti-b3 integrin clone AP3 (1:1000, catalog no. EBW106; Kerafast, Inc.), rabbit anti-b- 
Data Analysis
Data are presented as mean 6 SEM. Statistical comparisons were done using Student's t-test, and a P value <0.05 was considered significant.
RESULTS
Expression of avb3 Integrin in the Mouse and Human Anterior Segments
To determine if avb3 integrin plays a role in modulating IOP, we initially used a tamoxifen-inducible Cre-mouse model previously shown to be effective in altering gene expression in the anterior segment 40 to create a Cre-b3 integrin
) mouse anterior segment deficient in avb3 integrin expression. The resulting Cre þ/À b3 flox/flox mice were healthy and fertile. They tolerated the topical tamoxifen treatments well with no weight loss and only a temporary loss of hair on the face due to grooming. The b3 integrin À/À mouse was not used because these mice have a significant (50%) embryonic lethality due to fetal hemorrhaging and placental defects, and surviving adult mice are sickly. 50 As shown in Figure 1 , avb3 integrin is expressed in the TM, sclera, and ciliary body of the mouse anterior segment. Immunohistochemistry indicated that this distribution of avb3 integrin in the mouse anterior segment is similar to that observed in human anterior segments. As shown in Figure 2 , A through L, human eyes express avb3 integrin throughout the TM and within the inner wall of Schlemm's canal. It is also found in the corneal epithelium. Some sparse labeling was also observed in the sclera. Labeling of avb3 integrin could also be seen in the ciliary muscle and in the nonpigmented epithelium of the ciliary muscle, although this labeling was difficult to see due to the autofluorescence of the tissue as seen in the control (compare Fig. 2G versus Fig. 2H, Fig. 2J versus Fig. 2L ). The similar localization pattern of avb3 integrin seen in the human and mouse eye indicates that mouse eyes can be used as a model to study avb3 integrin signaling in the conventional outflow pathway.
Decreased IOP Is Observed in b3 Integrin-Deficient Mice
As shown in Figure 3A , when Cre þ/À b3 flox/flox mice were treated with tamoxifen, it resulted in a significant (P < 0.05) decrease in IOP at 2, 5, 7, 8, 9, and 11 weeks after the start of tamoxifen eye drops compared to baseline IOP. At 11 weeks after tamoxifen treatment, IOP was 3.4 6 0.5 mm Hg below baseline IOP. In contrast, IOP in Cre þ/À b3 flox/flox mice not treated with tamoxifen remained fairly constant over the 11-week period and did not show any significant drop compared to baseline with the exception of the measurement at 9 weeks. By 11 weeks, the IOP in the untreated mice was 1.2 6 0.8 mm Hg higher than baseline. IOP in Cre À/À b3 flox/flox mice that do not express Cre and therefore should express normal levels of b3 integrin regardless of tamoxifen treatment was also measured (Fig. 3B) . Treatment of these mice with tamoxifen had no effect on IOP, which appeared similar to that in the untreated Cre þ/À b3 flox/flox mice. Male and female mice responded similarly to the treatments, with no statistical differences observed between sexes (data not shown). Data from mice heterozygous for b3 integrin and/or Cre (Figs. 5F, 5H ). Western blot analysis of the isolated anterior segments further suggested that the tamoxifen treatment altered the level of avb3 integrin expression in the anterior segment compared to the mice not treated with tamoxifen. As shown in Figures 6A and 6B , tamoxifen treatment caused a trend of decreased b3 integrin protein levels in the anterior segment compared to nontreated Cre þ/À b3 flox/flox mice. In contrast, the Cre À/À b3 flox/flox mice treated with tamoxifen showed a trend in increased b3 integrin protein levels compared to no tamoxifen treatment. Neither change was, however, statistically significant compared to the no-treatment controls, which was probably due to variation in the level of b3 integrin expression observed in the entire anterior segment. Lastly, real-time PCR using gDNA isolated from paraffin-embedded anterior segments of Cre þ/À b3 flox/flox
and Cre À/À b3 flox/flox mice treated with or without tamoxifen showed a 55% decrease in the b3 integrin gene (Itgb3) in Cre þ/À b3 flox/flox mice treated with tamoxifen compared to the same mice not treated with tamoxifen ( Fig. 6C , P < 0.05). There was no difference between Cre À/À b3 flox/flox mice treated with or without tamoxifen. Together, these data suggest that the decrease in IOP could be due to a change in b3 integrin expression in the TM of Cre þ/À b3 flox/flox mice.
Activating avb3 Integrin in Mouse Eyes Increases IOP
Since activation of integrins is an important step in integrin signaling, we then examined if the activation state of avb3 integrin had any effect on IOP. Prior studies have shown that activation of avb3 integrin impairs the phagocytic activity of TM cells and triggers the formation of CLANs observed in glaucomatous tissues. [25] [26] [27] [28] [29] [30] To trigger activation of avb3 integrin in vivo, we used the AP5 antibody, which has been shown to induce the active conformation of avb3 integrin (Fig.  7A ) 41 and caused the formation of CLANs in TM cells in vitro. 25, 26 As shown in Figure 7B , intracameral injection of AP5 into the anterior chamber of C57BL/6J mouse eyes induced a significant increase in IOP of 3.0 6 1.2 mm Hg (P < 0.05) over baseline after 2 days, which was also significantly different from the IgG control after 2 days (AP5 22.2 6 1.2 versus IgG 17.1 6 0.9 mm Hg; P < 0.05). After 4 days, the IOP of AP5-treated eyes was still significantly increased (3.0 6 0.9 mm Hg; P < 0.05) compared to baseline and remained elevated on day 7 (22.3 6 1.1 mm Hg; P < 0.054). In contrast, mice treated with the control IgG did not show a statistically significant increase in IOP compared to baseline until day 7 (17.1 6 0.9 vs. 21.4 6 0.7 mm Hg, P < 0.05). By 7 days, the AP5-and IgG-FIGURE 7. AP5 antibody increases IOP in C57BL/6J mice. (A) avb3 integrin can exist on the cell surface in both an inactive state (bent conformation) or in an active state (extended conformation). The active conformation of avb3 integrin can be induced by DEX 24, 70, 71 or by the AP5 antibody, which binds to a ligand-inducible binding site in the amino terminus of the b3 subunit. 41 Activation of this integrin in TM cell cultures has been shown to cause a decrease in phagocytosis and an increase in ECM and CLAN formation. (B) C57BL/6J mice were infused intracamerally with 10 ng AP5, AP3, or IgG antibody (n ¼ 8/group or PBS alone). IOP was measured at 2, 4, and 7 days after infusion of the IgGs. IOP was significantly increased in AP5-treated eyes at day 2 compared to baseline-and IgG-treated eyes (**P < 0.05) and compared to baseline at day 4 (*P < 0.05). IOP was significantly increased in AP5-, AP3-, and IgG-treated eyes at 7 days (*P < 0.05). (C) Densitometry on Western blots of anterior segment cell lysates from treated and untreated mice showed no significant difference in avb3 integrin levels between AP5 and IgG treatments. Values were normalized to b-actin. (D) Hematoxylin and eosin staining of a mouse eye 7 days after IgG treatment showed that no gross changes in the anterior segment were observed. (E) Hematoxylin and eosin staining of a mouse eye 7 days after AP5 treatment also showed that no gross changes were observed. treated eyes had similar elevated IOPs (22.3 6 1.1 vs. 21.4 6 0.7 mm Hg) compared to baseline.
To determine if the initial increase in IOP induced by the AP5 antibody after 2 days was specific to activation of avb3 integrin, we also injected the mice with another antibody called AP3 that recognizes avb3 integrin but does not activate it. As shown in Figure 7B , AP3 had a similar effect on IOP as the nonspecific IgG and only at 7 days post treatment was the IOP significantly different from baseline (P < 0.05). To determine if mechanical manipulation of the eye by itself could affect IOP, we injected PBS. As shown in Figure 7B , PBS has no significant effect on IOP. Finally, the increase in IOP by AP5 was not due to changes in avb3 integrin expression. As shown in Figure 7C , injection of AP5 or IgG had no statistically significant effect on b3 integrin levels in the anterior segment 7 days after antibody treatment, nor did it affect TM morphology. As shown in Figures 7D and 7E , the TM and Schlemm's canal looked normal in both the AP5-and IgG-treated eyes at the light microscopy level. Together these data suggest that the increase in IOP was due to the activation of avb3 integrin.
AP5 Increases IOP in POCAS
We then used the POCAS model to examine the effect of avb3 integrin activation on outflow facility. As shown in Figure 8 and the Table, treatment of POCAS for 21 hours with the avb3 integrin-activating antibody AP5 increased pressure in 42% of the treated POCAS (5 out of 12) while the other 58% (7 out of 12) showed no change or a decrease in pressure when compared to baseline pressure. To differentiate AP5 responders from nonresponders we calculated the 95% confidence interval of the change in IOP from baseline of IgG-treated eyes: DIOP 6 z 3 SEM where z ¼ 1.96 for 95% confidence (À1.38 6 1.96 3 0.912 ¼ À3.17 to 0.41 mm Hg). Based on this calculation, we considered eyes treated with AP5 that had a change in IOP from baseline greater than 0.41 mm Hg to be responders. The Table shows the POCAS data analyzed according to this criterion. In the POCAS that responded to AP5 the pressure increased by 5.9 6 1.6 mm Hg (P < 0.05) over baseline after 21 hours of AP5 treatment, which was a 30% decrease in outflow facility when compared to baseline (0.27 6 0.04 vs. 0.36 6 0.04 lL/min/mm Hg; P < 0.05). In contrast, in POCAS that did not respond to AP5, pressure decreased by 2.8 6 1.1 mm Hg compared to baseline (P > 0.05), which was a 23% increase in outflow facility when compared to baseline (0.57 6 0.09 vs. 0.48 6 0.08 lL/min/ mm Hg; P < 0.05). A similar decrease in pressure was observed in anterior segments treated with IgG. In that case, we saw a decrease in pressure of 1.4 6 0.91 mm Hg from baseline (P > 0.05), which was a 14% increase in outflow facility when compared to baseline (0.40 6 0.05 vs. 0.35 6 0.04 lL/min/ mm Hg; P > 0.05). When compared to the IgG-treated control eyes, AP5-responding POCAS had significantly higher IOP (P < 0.05) and lower outflow facility (P < 0.05) while AP5 nonresponder POCAS were not significantly different from the IgG control eyes. Perfusion of the antibodies did not affect the morphology of the porcine anterior segment. As shown in Figure 9 , the morphology of the anterior segment treated with AP5 and IgG showed no gross differences.
To determine if the differences between the AP5 responders and nonresponders were due to differences in avb3 integrin expression, we labeled paraffin-embedded POCAS with an antibody (BV3) that recognizes a different epitope from AP5 on avb3 integrin. As shown in Figure 10 , there was strong labeling for avb3 integrin in the POCAS treated with both AP5 and IgG (Figs. 10A-C) . Interestingly, avb3 integrin levels in the AP5 responders (Fig. 10A) were similar to those of the AP5 nonresponders (Fig. 10B) , suggesting that the differences in response to AP5 was not due to different expression levels of avb3 integrin. As a control for our labeling, sections were labeled with a secondary antibody that should detect only the perfused AP5 or IgG in the TM (Figs. 10D-F) ; as shown, the labeling was much less than what we observed with the anti-avb3 integrin antibody, indicating that the avb3 integrin labeling seen with the (BV3) antibody was specific. Together these data suggest that activation of avb3 integrin can affect outflow facility, but as is the case with corticosteroidinduced glaucoma there are responders and nonresponders. [1] [2] [3] [4] [5] 
DISCUSSION
Enhanced expression and activation of the avb3 integrin by dexamethasone (DEX) in human TM cells in culture have been shown to generate the phenotypic changes commonly associated with corticosteroid-induced glaucoma and shared with POAG. [24] [25] [26] [27] In this study we extended those findings and show that altering both the expression levels and activity of avb3 integrin signaling can influence IOP in vivo and in cultured anterior segments in situ. Using a tamoxifen-inducible Cre þ/À b3 flox/flox mouse model to reduce the expression of avb3 integrin in the anterior segment, we showed that lowering the level of avb3 integrin expression resulted in a reduction in IOP. In contrast, using an avb3 integrin-activating antibody that promotes the active conformation of avb3 integrin, we were able to cause an increase in IOP in all C57BL/6J mice in vivo and in 42% of the POCAS studied. To our knowledge this is the first time that an integrin has been shown to play a role in modulating IOP. Surprisingly, only a small decrease in avb3 integrin expression levels was detected in Western blot analysis of lysed anterior segments, yet we were able to observe a statistically significant decrease in IOP. The failure to detect a statistically significant decrease in avb3 integrin expression may be due to the relatively low levels of avb3 integrin expressed in the TM compared to the ciliary body. Thus, decreases in the expression of avb3 integrin in the TM may not be detectable by Western blot analysis of the entire anterior segment given that its expression is so low compared to that in the ciliary body. Nevertheless, we were able to see a decrease in avb3 integrin protein expression in the TM by immunofluorescence microscopy and at the genomic level by real-time PCR, which suggests that decreasing avb3 integrin expression even by a small amount could cause a statistically significant decrease in IOP. The idea that small changes in integrin expression could affect TM function is not unexpected. Previous microarray analysis of DEX-treated HTM cells showed only small differences (<2-fold changes) in avb3 integrin gene expression. 51, 52 Yet this change in avb3 integrin expression in these cells clearly triggered the glaucomatous phenotype of TM cells. [24] [25] [26] [27] The increase in IOP caused by AP5 at days 2 and 4 was most likely due to specific interactions between AP5 and the avb3 integrin and not a nonspecific interaction with Fc receptors on the cell surface. If a nonspecific interaction with Fc receptors was involved we would have seen a similar increase in IOP with the control IgG at days 2 and 4, since the control and AP5 antibodies were the same isotype and likely would interact with the same Fc receptors. 53, 54 In addition, another avb3 integrin antibody (AP3) that does not activate integrin did not increase IOP until 7 days after treatment, similar to the IgG control, suggesting there may be a general antibody effect on IOP that does not manifest until 7 days after the initial injection. The increase in IOP caused by AP5 could not have been due to the AP5 ''clogging'' the outflow pathway, since the same amount of antibody (10 ng) was infused into all the eyes. In addition, while it is unknown for mouse aqueous humor, human aqueous humor contains 7 mg/100 mL IgG, 55 which is far more than was administered to mice in this study. Thus, the most likely explanation is that the AP5 activated the avb3 integrin. It is unknown why both the nonactivating avb3 integrin antibody AP3 and the control IgG increased IOP over time in the C57BL6/J mice. The AP5, AP3, and IgG antibodies were derived in mice and should not have induced a significant immunologic response in mice. The delayed increase in IOP compared to that observed with AP5, however, suggests that the mechanism by which AP3 and IgG increased IOP in mice was a different mechanism than the one induced in mice treated with AP5 and may be a generic antibody response.
It is interesting that some of the POCAS failed to respond to the activating AP5 antibody because this is similar to what is observed in corticosteroid-induced glaucoma in humans and indicates that in vivo there may be porcine responders and nonresponders. [1] [2] [3] [4] [5] The cause for the nonresponse in some of the POCAS is not known and could be due to differences in the porcine breed, age, and sex, since the eyes were obtained over several months from an abattoir that dealt with different breeds of pigs for which we were unable to get any information. This type of variability would be consistent with previous reports using mice on a mixed background, humans, nonhuman primates, and bovines to study corticosteroid-induced glaucoma. [56] [57] [58] [59] In those studies, only 30% to 40% of the animals responded to corticosteroids with an elevation in IOP. 60 This was in contrast to the mice injected intracamerally with AP5 with all the mice responding with an increase in IOP. The different result obtained with our mice compared to POCAS is mostly like due to the inbred nature of the mice we used.
The failure to elicit a response in 58% of the POCAS is most likely due to the inherent nature of integrin signaling and not the expression of avb3 integrin as we showed. It is well established that integrin activity is a very complex process because it is highly dependent on its conformation, microenvironment, and various binding partners [61] [62] [63] or cross-talk with other ligand-engaged integrins on the cell surface. 64 For instance, there are over 60 proteins that have been found in the integrin adhesion complex when the integrin is engaged by fibronectin, and changes in any one of them can influence the downstream targets of integrins. 65, 66 Hence differences between the ECM composition, repertoire of integrins on the cell surface, and cytoplasmic components of nonresponders and responders could be affecting avb3 integrin signaling.
In conclusion, it is not entirely surprising that avb3 integrin would play a role in regulating IOP. Its signaling pathways have been shown to trigger the changes frequently cited to cause a restriction in outflow facility. In addition, changes in its expression and/or activity, which are normally lower in adult tissue and vary in the adult TM, 14 have also been shown to play a role in the pathogenesis of a number of human diseases in adults. 67 Together these data suggest that individuals with higher levels of avb3 integrins and/or more activated avb3 integrins would be more likely to respond to steroids and/or develop glaucoma. Understanding the role integrins play in regulating IOP could open up new therapeutic treatments for glaucoma utilizing some of the current anti-integrin therapies used to treat other ocular diseases. 68, 69 
